The Rho-type GTPase Cdc42 is a member of the Ras superfamily of small GTP-binding proteins that play an essential role in regulating proliferation and differentiation in all eukaryotes. In the budding yeast Saccharomyces cerevisiae, Cdc42 is required for generation and maintenance of cell polarity and controls cell division, invasive and filamentous growth development, and mating of haploid cells (13, 24, 36) . The exact role of Cdc42 in pheromone-induced mating, however, has been controversial. A major question concerning the function of Cdc42 in the mating process is the role of this small GTPase in the signal transduction pathway that confers cell cycle arrest, the formation of mating projections, expression of matingspecific genes, and fusion of partner cells of opposite mating types in response to peptide pheromone signals. In the mating pathway (3), signaling is initiated by binding of pheromones to the G-protein-coupled receptors at the membrane, causing the release of the G␤␥ subunits from the heterotrimeric G protein and activation of a mitogen-activated protein kinase (MAP kinase) cascade. At least two proteins have been found to mediate activation of the MAP kinase cascade after binding to the G␤␥ subunits, the PAK (p21-activated protein kinase) Ste20 and the scaffold protein Ste5 (15, 30, 46) . Activation of the MAP kinase cascade consisting of Ste11, Ste7, Kss1, and Fus3 in turn promotes cell cycle arrest in G 1 and stimulates expression of mating-specific genes, e.g., FUS1 (3) .
Because PAKs are well-documented effector proteins of the Cdc42/Rac protein family (1, 12) , a number of studies have addressed the function of Cdc42 and its guanine nucleotide exchange factor (GEF) Cdc24 in pheromone-stimulated signaling in S. cerevisiae. Initial studies suggested a direct role of Cdc42 by showing that temperature-sensitive cdc42 and cdc24 mutant strains are defective for pheromone-induced expression of FUS1 and arrest of cells in G 1 at the restrictive temperature, and that the GTP-bound form of Cdc42 is able to stimulate Ste20 kinase activity in vitro (42, 47) . Unfortunately, cells of cdc42 and cdc24 temperature-sensitive mutant strains shifted to the restrictive temperature become unresponsive to mating pheromone due to accumulation of high levels of Cln1/2-Cdc28 kinase, indicating that Cdc42 might not directly control activity of the mating signaling pathway (34, 35) . In addition, further studies demonstrated that in vivo the interaction of Cdc42 and Ste20 is not required for pheromone-stimulated G 1 arrest, FUS1 transcription, and mating, suggesting that functions of Cdc42 during mating might be restricted to actin cytoskeleton rearrangements during shmoo formation and control of cell fusion by localizing Ste20 to the shmoo tips (14, 29, 37) . More recent data suggest that Cdc42 might yet have a more direct role in pheromone-stimulated signal transduction, because CDC42 alleles could be isolated that confer polarization functions required for viability but cause resistance to pheromone treatment, reduction of FUS1 transcription, and mislocalization of Ste20 (32) . Moreover, Ste20 kinase activity was demonstrated to be stimulated by GTP-bound Cdc42 in vivo (28) . These data led to the current view that Cdc42 is able to control activity of the mating response pathway by binding to Ste20 and antagonizing the autoinhibitory interaction between the domains of Ste20 conferring interaction with Cdc42 (CRIB domain) and kinase activity. However, although the Cdc42-Ste20 interaction is critical for pheromone-stimulated signal-ing, it seems to operate independently of receptor activation and does not appear to require regulatory input from pheromone or the G␤␥ subunits.
To further explore the role of Cdc42 in pheromone-stimulated signal transduction, we have isolated novel alleles of CDC42 that confer resistance to mating pheromone without affecting functions of the GTPase required for cell division. In contrast to previous studies, we have measured the functions of these variants of Cdc42 during mating when expressed at endogenous levels and in the complete absence of the wild-type protein. Our study indicates that control of pheromone signaling by Cdc42 not only involves Ste20 but might also depend on proper interaction of the GTPase with its wellknown effector Cla4, a PAK that we here identified as a negative regulator of pheromone-induced G 1 arrest and MAP kinase phosphorylation.
MATERIALS AND METHODS
Yeast strains and media. Yeast strains used in this study are described in Table  1 and are congenic to the ⌺1278b background with the exception of EGY48-p1840. CDC42 control and mutant strains were obtained by integration of desired CDC42 alleles at the LEU2 locus of strain YHUM1168 (cdc42⌬) and subsequent elimination of plasmid pME1534 carrying CDC42. Only strains with single integrations of CDC42 mutant alleles were selected after Southern blot analysis (40) . Strains carrying bar1⌬::kanR, ste20⌬::HIS3, ste7⌬::loxP, cla4⌬:: natR, and skm1⌬::natR deletion alleles were obtained by transformation using respective deletion cassettes, verification by Southern blot analysis, and genetic crosses following standard yeast genetic methods. Yeast culture medium was prepared as described previously (18) . Invasive growth tests were described earlier (6) .
Pheromone sensitivity and mating assays. For tests of ␣-factor sensitivity, strains were grown in yeast-peptone-dextrose (YPD) to logarithmic phase and equal amounts of cells were spotted on YPD solid medium containing ␣-factor at 0.025 M (bar1⌬ strains) after serial dilutions of cultures. Growth was analyzed after incubation at 30°C for 2 to 3 days. Alternatively, strains from precultures were streaked on solid YPD media containing ␣-factor and incubated at 30°C for 3 days. Pheromone-induced cell cycle arrest was assayed by growing strains into logarithmic phase and determination of percentage of budded cells (n ϭ 300 cells) before and after addition of ␣-factor at the desired concentration to the cultures. Quantitative mating assays were performed as previously described (20) .
Plasmids. Plasmids used in this study are listed in Table 2 . Integrative plasmids BHUM316, BHUM322, BHUM328, BHUM330, and BHUM1081 to BHUM1085 were obtained by cloning the different CDC42 alleles isolated from the CDC42 library (see below) as 1.7-kb BamHI-HindIII fragments from pRS315 to pRS305. CDC42 alleles tested in two-hybrid assays were subjected to sitedirected mutagenesis in order to introduce the C188S mutation, avoiding membrane localization of the proteins. CDC42 alleles were amplified by PCR using appropriate mutagenic primers and subjected to sequence analysis before introduction as 576-bp EcoRI-BamHI fragments into vector pEG202 (19) to obtain plasmids BHUM1044 to BHUM1047.
Screen for CDC42 alleles conferring pheromone resistance. CDC42 mutant alleles conferring increased pheromone resistance were isolated from a library of randomly mutagenized CDC42 mutant genes in the LEU2-based vector pRS315 (31) . A pool of approximately 25,000 CDC42 mutants was created by transformation of yeast strain YHUM1168 (cdc42⌬ deletion strain carrying CDC42 on the URA3-based centromeric plasmid pME1534) with the CDC42 mutant library, selection on synthetic complete (SC)-Leu medium, and subsequent growth on plates containing 0.1% 5-fluoroorotic acid to remove plasmid pME1534 by counterselection. The resulting pool of strains was plated on YPD medium containing ␣-factor, and pheromone-resistant colonies were picked after 3 days of growth. CDC42-containing plasmids were isolated, and mutations were determined by sequence analysis of both strands of CDC42 alleles using the ABI Prism Big Dye terminator sequencing kit and an ABI 310 Genetic Analyzer (Perkin-Elmer Applied Biosystems GmbH, Weiterstadt, Germany). To confirm phenotypes, CDC42 alleles were integrated as single copies into the genome of the parental strain YHUM1168 by plasmid shuffling using integrative plasmids (Table 2) .
Cell extracts and Western blot analysis. Preparation of total cell extracts and subsequent Western blot analysis were performed as described previously (6) . After transfer to a nitrocellulose membrane, proteins were detected using the enhanced chemiluminescence system and incubation with primary antibodies against Cdc42 or Fus3 (Santa Cruz Biotechnology, Santa Cruz, California), Cdc28 (kind gift from S. Irniger), or the myc epitope followed by incubation with a peroxidase-coupled secondary antibody (Santa Cruz Biotechnology, Santa Cruz, California). Phosphorylation of Fus3 and Kss1 was detected using a Phospho-p44/42 MAP kinase (Thr202/Tyr204) antibody from Cell Signaling Technol- (10) . RNA was separated on a 1.4% agarose gel containing 3% formaldehyde and transferred onto nylon membrane as described previously (6) . CDC42 and ACT1 transcripts were detected using gene-specific 32 P-labeled DNA probes.
␤-Galactosidase assays. Strains carrying FUS1-lacZ reporter constructs were grown to the exponential growth phase, and extracts were prepared and assayed for ␤-galactosidase activity as described previously (6) . ␤-Galactosidase activity was normalized to the total protein in each extract with the following formula: (optical density at 420 nm ϫ 1.7)/(0.0045 ϫ protein concentration ϫ extract volume ϫ time). Assays were performed in triplicate on at least three transformants, and the mean values Ϯ standard deviations were calculated. Two-hybrid protein interactions. Two-hybrid analysis was performed as described previously (19) . The reporter strain EGY48-p1840 was cotransformed pairwise with various pEG202(CDC42) and pJG4-5 constructs (Table 2) , and transformants were selected on SC-His-Trp medium. Transformants were grown in SC-His-Trp containing 2% galactose and 2% raffinose to an optical density at 600 nm of between 1 and 2 before ␤-galactosidase assays were performed. All assays were performed in triplicate on at least four independent transformants for each combination of plasmids. Specific ␤-galactosidase activities were determined as described above and were normalized to the mean values obtained for Cdc42(C188S) (wild-type control) and the different effectors, which corresponded to 41 U for Ste20, 69 U for Cla4, 23 U for Skm1, 175 U for Bni1, 396 U for Gic1, and 283 U for Gic2. Standard deviation did not exceed 25%.
RESULTS
Isolation of CDC42 alleles conferring resistance to mating pheromone. We have previously shown that single-amino-acid substitutions in Cdc42 are sufficient to uncouple functions of this essential Rho-type GTPase required for cell division from those regulating filamentous and invasive growth (31) . Other studies have addressed the role of Cdc42 in mating, but in some cases this led to controversial conclusions (32, 35, 42) . To further investigate the role of this Rho-type GTPase during mating, we attempted to obtain novel variants of Cdc42 that interfere with the pheromone response of S. cerevisiae. For this purpose, a library of PCR-mutagenized CDC42 genes on centromeric plasmids was introduced into a haploid cdc42⌬ deletion mutant strain by plasmid shuffling and was screened for CDC42 alleles that permit growth in the presence of otherwise inhibiting concentrations of mating pheromone. This scheme allowed isolation of the previously identified CDC42(V36A) allele (32) and three novel alleles, CDC42(V36A, I182T),
CDC42(T58M), and CDC42(E62D, S71L, K128R, T161R)
[named CDC42(S71L*) for ease of reference]. To prevent general perturbations often observed when CDC42 is expressed at nonendogenous levels (24), we created strains carrying single copies of the isolated CDC42 alleles in the genome instead of the endogenous CDC42 and verified resistance of strains to mating pheromone (Fig. 1A) . Expression of these alleles (from the natural CDC42 promoter) resulted in CDC42 transcripts and Cdc42 proteins at endogenous levels ( Fig. 1B) , indicating that altered protein structure and not protein levels caused growth resistance.
Pheromone tolerance of CDC42 mutant strains was further analyzed by observing growth on solid medium containing ␣-factor ( Fig. 2A) . As controls we included isogenic ste7⌬ and kss1⌬ fus3⌬ mutant strains that are completely sterile, as well as four CDC42 mutants [CDC42(I46M), CDC42(S71P), CDC42(E100G) and CDC42(S158T)] that we previously iso- I182T) , and CDC42(S71L*) mutants was comparable to that of the sterile mutants, whereas pheromone resistance of CDC42(T58M) mutant was less pronounced. In contrast, the CDC42 control strain and the CDC42(I46M), CDC42(E100G), and CDC42(S158T) mutants were unable to grow at any dilution. Interestingly, the CDC42(S71P) allele also conferred pheromone tolerance that was comparable to that of the CDC42(S71L*) allele, indicating that the residue Ser71 might be crucial. In summary, our data show that residue Val36, which has previously been reported to be involved in pheromone resistance (32) , and residues Thr58 and Ser71 of Cdc42 are involved in rendering haploid yeast strains sensitive to mating pheromone. Pheromone-induced cell cycle arrest and mating efficiency of CDC42 mutants. In haploid strains, the pheromone response includes a growth arrest in the G 1 phase of the cell cycle, activation of FUS1 gene expression, and fusion with mating partner cells to generate diploid zygotes. To determine how mutations in CDC42 identified above affect these processes, we measured the growth arrest of CDC42 mutant strains in response to pheromone, expression of a FUS1-lacZ reporter gene, and the ability of mutants to fuse to partner cells of opposite mating type (Fig. 2B, 3, and 4 ). Pheromone-induced cell cycle arrest was measured by monitoring the percentage of budded cells before and after pheromone addition of 0.15 M ␣-factor to exponentially growing cultures (Fig.  2B ). In the CDC42 control strain, the fraction of budded cells starts to decrease immediately after addition of pheromone; alleles. CDC42 transcript and Cdc42 protein levels were measured in strains described for panel A by Northern (CDC42) and immunoblot analysis (Cdc42), respectively. Expression of the ACT1 gene was used as an internal standard for CDC42 transcript analysis, and protein levels of Cdc28 served as internal controls for immunoblot analysis of Cdc42.
FIG. 2. Pheromone sensitivity of different CDC42 mutants. (A) Strains
, and YHUM1069 [CDC42(S158T)] were grown to logarithmic phase, and serial fivefold dilutions of the cultures were spotted onto YPD plates supplemented without or with 0.025 M of ␣-factor before incubation for 2 days at 30°C. (B) Pheromone-induced cell cycle arrest. Strains of the indicated genotype (described for panel A) were grown in YPD to logarithmic phase, and the percentage of budded cells in each culture was determined before (time, 0 h) and 1, 3, and 5 h, respectively, after addition of ␣-factor to 0.15 M. Values indicate means of three independent assays with a standard deviation not exceeding 15%.
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HEINRICH ET AL. EUKARYOT. CELL after 3 h, less than 10% of cells have formed a bud, and after 5 h more than 99% of cells in the population have arrested in G 1 . In contrast, no significant change in the proportion of budded cells was observed in the case of the CDC42(V36A) and CDC42(V36A, I182T) mutant strains, which behaved similar to the ste7⌬ and kss1⌬ fus3⌬ mutants. In the case of the CDC42(T58M), CDC42(S71P), and CDC42(S71L*) strains, the number of budded cells started to decline after 1 h to reach 35 to 40% after 3 h and 10 to 15% after 5 h. In both cases, the percentage of budded cells did not significantly decrease further (data not shown). These results indicate that Val36 is crucial for pheromone-induced cell cycle arrest and that residues Thr58 and Ser71 also contribute to this process, albeit to a lesser extent. When measuring expression of FUS1-lacZ in response to pheromone, we found that gene expression in all CDC42 mutants reached between 58% and 80% of the control strain. In contrast, FUS1-lacZ could not be significantly activated above basal levels in strains lacking STE20, STE7, or FUS3 and KSS1 (Fig. 3) .
Mating efficiency of CDC42 mutant strains was measured by qualitative patch assays and by quantitative mating in liquid cultures using a tester strain of opposite mating type (Fig. 4) . The strongest effect was observed in the case of CDC42(V36A) and CDC42(V36A, I182T), where mating efficiency dropped more than 90%, although suppression of mating was not as pronounced as that observed in the ste7 mutant strain. In the case of the CDC42 alleles with changed codons for Thr58 and Ser71, mating frequency was still between 40% and 60% of that of the CDC42 control strain. In conclusion, the ability of the different CDC42 mutant strains to undergo pheromone-induced cell cycle arrest appears to correlate with mating efficiency and to a lesser extent with matingspecific gene expression.
Phosphorylation of MAP kinases Fus3 and Kss1 in CDC42 mutants. Because we found that certain mutations in CDC42 efficiently block cell cycle arrest, we measured the phosphorylation status of the mating MAP kinases Fus3 and Kss1 under a number of different conditions, including the presence of different CDC42 alleles, the presence and absence of Ste7 (and Ste20), and dependence on the pheromone concentration and time after pheromone administration (Fig. 5) . We found that Fus3 and Kss1 were efficiently phosphorylated in CDC42(T58M) and CDC42(S71L*) mutants, whereas phosphorylation was slightly reduced in CDC42(S71P) strains. In strains expressing CDC42(V36A) and CDC42(V36A, I182T), however, phosphorylation of the MAP kinases was clearly reduced compared to that of unaltered CDC42 (Fig. 5D) . Phosphorylation is likely to stem from Ste7, because phosphorylated forms of both MAP kinases are completely absent in strains lacking STE7 (Fig. 5A,  C, and D) . In addition, dependence of MAP kinase phosphorylation on exposure time and pheromone concentration was not significantly altered in the different CDC42 mutant strains ( Fig. 5B and C) . Thus, a clear correlation between MAP kinase phosphorylation, G 1 arrest, and mating is obvious only in the case of the CDC42(V36A) and CDC42(V36A, I182T) variants but not in the case of the CDC42 alleles that cause milder mating defects.
We further measured pheromone-induced degradation of Table 1 ) were transformed with plasmid B1497 carrying the FUS1-lacZ reporter gene and were grown to exponential phase before addition of 0.15 M ␣-factor. Specific ␤-galactosidase (␤-gal) activities were determined after 2 h. The bars depict mean values Ϯ standard deviations of three transformants, each assayed in triplicate. Activity measured in the control strain before addition of ␣-factor (Ϫcontrol) is shown in the first bar.
FIG. 4. Mating of CDC42 mutants. (A) Qualitative mating assay.
Strains of the indicated genotype (described in the legend to Fig. 2A) were grown overnight as patches on YPD medium, replica plated to fresh YPD medium together with a lawn of a MAT␣ tester strain (YHUM 70), and incubated for 5 h at 30°C for mating. Formation of diploids was monitored by replica plating of mating reactions on selective yeast nitrogen base (YNB) medium and incubation for 2 days. (B) Quantitative mating assay. Liquid cultures of strains of the indicated genotype and of the tester strain YHUM70 were mixed and subjected to growth selection for diploids after 5 h of mating. Mating frequencies shown correspond to the number of diploids formed after 3 days, normalized to the number of cells used in the mating reactions and to the mean value obtained with the control strain YHUM1064. The bars indicate the means Ϯ standard deviations of three independent assays.
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on February 21, 2013 by PENN STATE UNIV http://ec.asm.org/ the transcription factor Tec1 under identical conditions as MAP kinase phosphorylation and cell cycle arrest, because it was previously shown that Tec1 is phosphorylated by activated Fus3, leading to degradation of the transcription factor (6). We found that Tec1 is normally degraded in the different CDC42 mutant strains, whereas deletion of FUS3 or expression of the pheromone-resistant TEC1(T273M) allele was sufficient to suppress degradation of Tec1 (data not shown). Thus, the amount of phosphorylated Fus3 observed in the different CDC42 mutant strains appears to be sufficient to trigger degradation of Tec1. Interaction of Cdc42 mutant proteins with PAK family protein kinases Cla4, Ste20, and Skm1. To further characterize the Cdc42 mutant proteins, we measured their capacity to interact with the PAK kinases Ste20, Cla4, and Skm1 in the yeast two-hybrid system, which in the case of Ste20 and Cla4 has been shown to accurately report in vitro interactions between Cdc42 and these effector proteins (11, 17, 27, 31, 38, 39, 43) . In the case of Ste20, each of the variants except Cdc42(S71P) showed the same or enhanced interaction compared to wild-type Cdc42 (Fig. 6A) . In contrast, interaction with Cla4 and Skm1 was significantly reduced in the case of Cdc42(V36A) and Cdc42(V36A, I182T). This finding is in agreement with a previous study demonstrating that Cdc42(V36A, Q61L) is significantly reduced for Cla4 binding in vitro (17) . In the case of Cdc42(S71L*), only interaction with Skm1 was clearly affected, whereas interaction with all three PAKs was reduced in the case of Cdc42(S71P). No significant effect on interaction with Cla4 and Skm1 could be detected with Cdc42(T58M). These data demonstrate that pheromone-resistant variants of Cdc42, with the exception of Cdc42(S71P), are not blocked for interaction with Ste20 and indicate that pheromone-induced cell cycle arrest in yeast might depend on interaction of Cdc42 with Cla4 and/or Skm1. We reasoned that if the above hypothesis was true, either Cla4 or Skm1 or both might affect pheromone responses. Therefore, we created cla4⌬ and skm1⌬ deletion mutations in CDC42(V36A, I182T) and CDC42(S71L*) mutant strains and, as controls, in CDC42 wild-type and ste7⌬ strains to measure effects of such mutations on pheromone sensitivity and phosphorylation of the MAP kinases Fus3 and Kss1. We chose Cdc42(V36A, I182T) due to its reduced interaction with both Cla4 and Skm1 and Cdc42(S71L*) as a variant showing reduced interaction with Skm1 but not Cla4. We were not able to introduce cla4⌬ mutations into strains carrying the CDC42(V36A) allele, a finding that is in agreement with the previously reported synthetic lethality caused by these two mutations (32) . We expected that if pheromone-induced and Cdc42-dependent G 1 arrest was mediated by Cla4 and/or Skm1, cla4⌬ and/or skm1⌬ mutations might cause pheromone resistance in a CDC42 control strain and induce synthetic effects on G 1 arrest in CDC42(V36A, I182T) and CDC42(S71L*) mutant strains. No such effects could be observed in the case of skm1⌬ mutations (Fig. 7A) , indicating that Skm1 does not affect pheromone signaling. Similarly, cla4⌬ mutations did not alter pheromone sensitivity in the CDC42 control strain and the ste7⌬ or CDC42(S71L*) mutant strains. However, we found that deletion of CLA4 affected pheromone sensitivity of a CDC42(V36A, I182T) strain, albeit not as expected by further aiding to the pheromone tolerance of such a strain, but in contrast by suppressing its enhanced pheromone resistance phenotype (Fig. 7A) . We also found that in the CDC42(V36A, I182T) genetic background, a cla4⌬ mutation was sufficient to restore phosphorylation of Fus3 and Kss1 to levels observed in the CDC42 control strain (Fig. 7B and C) . These data indicate that Cla4 might negatively act on the pheromone signaling pathway, an effect that is not observed in strains expressing wild-type CDC42 and that seems to be unmasked by introduction of the CDC42(V36A, I182T) mutation.
We also measured two-hybrid interactions between the different Cdc42 variants and the known effector proteins Bni1, Gic1, and Gic2 (Fig. 6B) . These data did not reveal any obvious correlation between effector binding patterns and G 1 arrest behavior or MAP kinase phosphorylation. However, they uncover a significant difference between the binding of Cdc42(V36A) and Cdc42(V36A, I182T) to the effector proteins Gic1 and Gic2, which might account for our finding that the cla4⌬ mutation could be introduced in the CDC42(V36A, I182T) but not in the CDC42(V36A) genetic background.
Effects of CLA4 overexpression on pheromone sensitivity and MAP kinase phosphorylation. To further explore a possible negative function of Cla4 in pheromone signaling, we overexpressed CLA4 in different CDC42 strains. We found that overexpression of CLA4 is sufficient to induce pheromone resistance in a CDC42 wild-type strain to a degree observed in a CDC42(V36A, I182T) mutant strain that does not overexpress CLA4 (Fig. 8A) and to completely block G 1 arrest (Fig. 8B) . Similarly, pheromone-induced phosphorylation of Fus3 and Kss1 in the Cla4-overexpressing CDC42 wild-type strain was reduced to levels comparable to the CDC42(V36A, I182T) strain carrying a control vector (Fig. 8C and D) . Overexpression of CLA4 in the CDC42(V36A, I182T) mutant strain did not significantly enhance pheromone resistance or alter G 1 arrest but caused a further decrease in MAP kinase phosphorylation. Effects of CLA4 overexpression on pheromone resistance, G 1 arrest, and MAP kinase phosphorylation in a CDC42(S71L*) mutant strain were comparable to the effects observed in the CDC42 control strain. Finally, overexpression of CLA4 was sufficient to fully block G 1 arrest in CDC42(T58M) and CDC42(S71P) mutant strains and did not significantly alter G 1 arrest behavior in the ste7⌬ mutant (data not shown). Thus, Cla4 appears to be able to negatively act on pheromone signaling, a function of the PAK that has not been reported yet. Cla4 might exert this negative function when not associated with Cdc42, because overexpression could lead to an increase in the GTPase-free form of the PAK. This conclusion is in agreement with our finding that the negative effects on pheromone signaling exerted by Cdc42(V36A, I182T), which binds Cla4 with low efficiency, depends on the presence of Cla4. FIG. 6 . Two-hybrid protein interactions between Cdc42 proteins and PAK kinases Cla4, Ste20, and Skm1 (A) as well as Cdc42 proteins and effector proteins Bni1, Gic1, and Gic2 (B). Wild-type Cdc42 (control), Cdc42 mutants, and effector proteins are indicated. All Cdc42 proteins carry the C188S mutation to prevent plasma membrane localization. The bars indicate the means Ϯ standard deviations of four transformants, each measured in triplicate and expressed as percent mean specific ␤-galactosidase (␤-gal) activity in the control strain (41 U for Ste20, 69 U for Cla4, 23 U for Skm1, 175 U for Bni1, 396 U for Gic1, and 283 U for Gic2). 
DISCUSSION
The current view of how Cdc42 controls pheromone-stimulated signaling is by activating Ste20 through interaction with the CRIB domain of this PAK family protein kinase (3, 13) . This model is based on several studies, which suggest that the Cdc42-Ste20 interaction is not under direct control of pheromone but is required for efficient pheromone-induced activation of the mating MAP kinase cascade (17, 28, 32) . A recent study has identified a CDC42 allele, CDC42(V36M), that specifically interferes with cell fusion but not with initial pheromone-induced signaling, indicating that Cdc42 has a second function during mating at the step of cell fusion (2) . Here, we have aimed at isolating additional CDC42 mutations that confer enhanced pheromone resistance and interfere with efficient G 1 arrest. Although this type of genetic screen has been performed before and our independent approach has uncovered the previously identified CDC42(V36A) variant (32), we have uncovered novel CDC42 variants that aid in further assessing the role of Cdc42 in pheromone signaling. Importantly, we have analyzed the different CDC42 alleles when expressed at endogenous levels in the complete absence of endogenous Cdc42 and by investigating phenotypes that previous studies have not addressed, foremost MAP kinase phosphorylation (for a summary, see Table 3 ).
The most surprising outcome of our study is that the Cdc42 effector protein Cla4 appears to be able to act as a negative regulator of pheromone-induced signaling. This previously undescribed function of Cla4 is revealed by the newly isolated CDC42(V36A, I182T) allele, which in contrast to the CDC42(V36A) allele can be combined with a cla4⌬ mutation and whose ability to confer pheromone resistance depends on CLA4. Although we do not know the reason for the differential viability of CDC42(V36A, I182T) cla4⌬ and CDC42(V36A) cla4⌬ double mutant strains, one might speculate that the significantly higher affinity of Cdc42(V36A, I182T) to Gic1 and Gic2 compared to Cdc42(V36A) might be of crucial importance, because Gic1 and Gic2 are known to fulfill essential functions during bud initiation and cytokinesis (5, 21, 23) . Importantly, our study has independently revealed the negative effects of Cla4 on pheromone responses by overexpression of this PAK in strains that express endogenous levels of different variants of Cdc42. Our findings that expression of Cdc42 variants, which inefficiently bind to Cla4 and whose effects depend on Cla4 as well as overexpression of Cla4, block pheromone responses could be explained by a model in which increased amounts of the PAK that are not bound to Cdc42 interfere with pheromone signaling. This interpretation of our data could explain why overexpression of CLA4 was not found to enhance pheromone resistance in a previous study (32) . In contrast to our study, these experiments were performed in strains expressing CDC42 from plasmids and carrying an additional genomic copy of GAL1-driven CDC42, which might have caused increased levels of Cdc42 that prevented the negative effects of Cla4 on pheromone signaling observed in our study. It is puzzling that in the case of the Cdc42(V36A, I182T) variant a decreased affinity of Cdc42 to Cla4 correlates with an increase of a Cla4-dependent function, because efficient Cla4 functionality would be expected to depend on binding of the PAK to Cdc42. However, previous studies have demonstrated a significant basal Cdc42-independent Cla4 kinase activity both in vivo in cdc42-1 and cdc24-1 strains (4) and in vitro using bacterially purified Cla4 protein (44) . Moreover, a chemical genetic analysis suggested that Cla4 could have kinase-independent functions that might not depend on stimulation by Cdc42 (45) . Hence, proper Cdc42-Cla4 interaction might not only ensure stimulation of PAK functions at the desired sites of (22, 33) . Thus, failure to establish proper Cdc42-Cla4 interactions at these sites might not only cause growth defects but also permit undesired interactions of Cla4 with, e.g., components of the pheromone response pathway. In this context it is interesting to note that expression of a Cla4 variant carrying a singleamino-acid substitution, Cla4(D772T), is able to partially confer Ste20-specific functions during mating by changing the substrate specificity of Cla4, thus demonstrating that Cla4 has the potential to interact with the pheromone response pathway (25) . However, because it is unclear whether kinase activity of Cla4 is necessary for the observed negative regulation, future experiments must resolve the exact mechanism by which this PAK is able to control pheromone-induced cell cycle arrest and MAP kinase phosphorylation. It will be interesting to see whether Cla4, for instance, has a negative effect on the Ste20 activity. The previous finding that expression of Ste20⌬CRIB is sufficient to restore pheromone sensitivity in a CDC42(V36A) mutant (32) indicates that Cla4 might negatively act on the pheromone pathway at the level or upstream of Ste20.
Our study has uncovered a positive correlation between the degree of pheromone sensitivity, G 1 arrest, mating, and phosphorylation of the MAP kinases Fus3 and Kss1 in the case of CDC42(V36A) and CDC42(V36A, I182T) mutant strains. However, MAP kinase phosphorylation is only partially blocked in these strains compared to bona fide ste mutants. Thus, either a reduction of MAP kinase phosphorylation by a factor of roughly two is sufficient to prevent an efficient G 1 arrest or Cdc42 and Cla4 are able to control pheromone-induced cell cycle arrest by further mechanisms that act independently of MAP kinase activation. Our data do not allow discrimination between these two possibilities. However, if the former possibility was correct, our results would point towards a threshold level of phosphorylated MAP kinases for entry into G 1 arrest that appears to be higher than one might have expected. We are aware of the fact that considerable differences exist in the capacity of individual cells to transmit signals through the mating pathway (9) . However, our G 1 arrest measurements reflect the budding behavior of a large number of randomly selected individual cells that should be representative for the whole population, and quantification of MAP kinase phosphorylation represents the average values of all cells in the population. In addition, we have used bar1⌬ strains and saturating pheromone concentrations to ensure maximal stimulatory effects. Similarly, FUS1-lacZ measurements and Tec1 degradation were assayed under comparable conditions. Hence, correlation of these phenotypes appears justified to a certain extent. It then would appear that induction of G 1 arrest requires a higher MAP kinase phosphorylation status than does the induction of FUS1-lacZ expression or the degradation of the transcription factor Tec1. Finally, our analysis of MAP kinase phosphorylation in the CDC42(V36A, I182T) mutant strain that overexpresses CLA4 revealed that these mutations cause additive effects. This result is in agreement with the idea that Cla4, when not associated with Cdc42, might negatively act on the pheromone pathway, because reducing the Cla4-binding affinity of Cdc42 in combination with overexpression of Cla4 would be expected to additively contribute to the GTPase-free form of the PAK.
Our study has uncovered CDC42(T58M), CDC42(S71L*), and CDC42(S71P) as previously unknown alleles that confer pheromone resistance. In contrast to the CDC42(V36A, I182T) allele, effector binding studies and analysis of MAP kinase phosphorylation was less revealing in the case of these variants of CDC42. All three variants, Cdc42(T58M), Cdc42(S71L*), and Cdc42(S71P), interact less efficiently with Skm1, but Skm1 does not appear to mediate inputs into the pheromone response pathway. In addition, the T58M and S71L* mutations do not affect interaction of Cdc42 with Cla4. The Cdc42(S71P) mutant shows reduced Cla4 binding, but MAP kinase phosphorylation is not lowered to the same extent as that observed in the case of Cdc42(V36A) and Cdc42(V36A, I182T). Thus, while we do not know the exact molecular reasons for the pheromone-resistant phenotype induced by these variants of Cdc42, they further demonstrate the importance of this GTPase in the mating process. Whether some of the pheromone-resistant Cdc42 variants isolated here are affected in GDP-GTP cycling as has been found in the case of Cdc42(V36M) (2) remains to be determined.
In summary, our study expands the growing number of functions attributed to Cdc42 in the control of yeast growth and development. As found in the case of the septin assembly pathway (7) and the invasive growth signaling pathway (43), our study indicates that Cdc42 might also control the pheromone response pathway by targeting more than one effector protein. It will be exciting to further uncover the mechanisms by which this GTPase fulfills its diverse functions.
